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(54) Engine control having fuel volatility compensation 



(57) An improved engine control in which the fuel 
volatility is detected based on a measure of the fired-to- 
motored cylinder pressure ratio, and used to trim fuel 
and spark timing controls during engine warm-up and 
transient fueling periods. In a first embodiment, a matrix 
of empirically determined pressure ratio values that 
occur with fuels of differing volatility is stored and com- 
pared to the measured pressure ratio to identify the 
closest stored pressure ratio, and the fuel volatility is 
determined based on the fuel volatility associated with 
the identified pressure ratio. In a second embodiment, 
the actual fuel vapor-to-air equivalence ratio is com- 
puted based on the measured pressure ratio, and the 
fuel volatility is determined based on the deviation 
between the actual ratio and the desired fuel vapor-to- 
air equivalence ratio. 
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Descripti n 

TECHNICAL FIELD 

[0001] The present invention relates in general to 5 
an engine fuel and spark control, and more specifically 
to a control that is compensated for variations in fuel vol- 
atility during cold starts and fueling transients. 

BACKGROUND OF THE INVENTION 10 

[0002] Current state-of-the-art engine controls rely 
almost exclusively on exhaust gas sensing to maintain 
the engine air-fuel ratio at a value that minimizes 
exhaust emissions. However, such sensors typically 75 
require heating for a significant period before the sensor 
is useful for control following a cold start. For this rea- 
son, engine spark timing and fueling during cranking 
and warm-up is generally performed based on an open- 
loop calibration. For a given amount of fuel delivered to 20 
the intake manifold, the air-fuel ratio delivered to the cyl- 
inder varies considerably for fuels of different volatility. 
The fuel in the cylinder comes in part from vaporized 
fuel from the current injection event and in part from fuel 
vaporized from the port walls wetted by previous injec- 25 
tions. The rate at which both these components vapor- 
ize depends not only on temperature and pressure, .but 
also on the fuel volatility, which may vary considerably 
from tank to tank. 

[0003] The above-described dependence on fuel 30 
volatility is illustrated in Figure 1A, where the solid and 
broken traces represent the fuel vapor-to-air equiva- 
lence ratio <^ as a function of time, as measured in the 
engine exhaust stream during a cold start test. The solid 
trace depicts the ratio ^ for a fuel having a relatively 35 
high volatility, while the broken trace depicts the ratio <fr v 
for a fuel having a relatively low volatility. As seen in the 
graph, the ratio ^ is roughly 20% richer with the high 
volatility fuel than with the low volatility fuel. Figure 1B 
shows the indicated mean effective pressure (IMEP) for 40 
the two fuels; again, the solid trace corresponding to the 
high volatility fuel, and the broken trace corresponding 
to the low volatility fuel. The IMEP parameter, a meas- 
ure of the work produced, is significantly lower and 
more variable for the low volatility fuel than for the high 45 
volatility fuel. This is a result of the low volatility fuel 
yielding a leaner mixture, which for a given spark timing, 
burns later during the engine cycle than the richer mix- 
ture. For the condition depicted, these later burning 
cycles release heat further after top-dead-center for the so 
piston, resulting inless useful work being produced with 
nominal spark advance settings. 
[0004] The uncertainty in <^ delivered to the cylin- 
der and the appropriate spark timing forces design engi- 
neers to enrich the cold calibration to insure that 55 
operating with low volatility fuel will not result in d rive a- 
bility problems. This enrichment to compensate for low 
volatility fuels causes ^ to be richer-than-optimum with 



high volatility fuel, resulting in higher hydrocarbon emis- 
sions than if the appropriate calibration for that fuel was 
used. Similar phenomena occur, although to a lesser 
degree, during fueling transients. Thus, it is apparent 
that differences in fuel volatility adversely affect both 
emissions and performance with conventional control 
strategies. 

[0005] Accordingly, what is needed is a method for 
detecting fuel volatility in order to deliver fuel more accu- 
rately, for improved emissions and driveability. 

SUMMARY OF THE INVENTION 

[0006] The present invention is directed to an 
improved engine control in which in-cylinder air-fuel 
ratio is detected based on a measure of the fired-to- 
motored cylinder pressure ratio. The detected air-fuel 
ratio is used to infer the fuel volatility and to appropri- 
ately trim fuel and spark timing during engine warm-up 
and transient fueling periods. In a first embodiment, a 
matrix of empirically determined pressure ratio values 
that occur with fuels of differing volatility are stored and 
compared to the measured pressure ratio determined 
from pressure sensor signal samples to identify the 
closest stored pressure ratio. The fuel volatility is deter- 
mined based on the fuel volatility associated with the 
identified pressure ratio. In a second embodiment, the 
actual fuel vapor-to-air equivalence ratio is computed 
based on the measured pressure ratio, and the fuel vol- 
atility is determined based on the deviation between the 
actual ratio and the desired fuel vapor-to-air equiva- 
lence ratio. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0007] 

Figure 1A is a graph depicting the fuel vapor-to-air 
equivalence ratio ^ as a function of time for low and 
high volatility fuels during a cold start. 
Figure 1B is a graph depicting the indicated mean 
effective pressure (IMEP) as a function of time for 
low and high volatility fuels during a cold start. 
Figure 2 is a diagram of a fuel volatility compen- 
sated engine control, including a microprocessor- 
based controller programmed according to this 
invention. 

Figure 3 shows the pressure ratio parameter for the 
high and low volatility fuels as in Figures 1 A and 1 B. 
Figures 4-7 are. flow diagrams representative of 
computer program instructions executed by the 
controller of Figure 2 in carrying out the control of 
this invention. Figure 4 is a main flow diagram; Fig- 
ure 5 is an interrupt service routine for detecting 
fuel volatility and compensating the engine control 
parameters; and Figures 6-7 detail alternate imple- 
mentations of the fuel volatility detection step of the 
flow diagram of Figure 4. 
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DESCRIPTION OF THE PREFERRED EMBODIMENT 

[0008] Figure 2 depicts a motor vehicle internal 
combustion engine 10 and a microprocessor-based 
engine control module (ECM) 12. For purposes of illus- 
tration, the engine 1 0 is depicted as having four cylin- 
ders 14, an intake manifold 1 6 with throttle valve 1 8, and 
an exhaust manifold 20 with a three-way catalytic con- 
verter 22. An exhaust gas recirculation (EGR) valve 24 
returns a portion of the exhaust gasses from the 
exhaust manifold 20 to the intake manifold 16. Each cyl- 
inder 14 is provided with a spark plug 26, an intake 
valve 28 coupled to the intake manifold 16, and an 
exhaust valve 30 coupled to the exhaust manifold 20. 
Fuel is delivered to the intake manifold 1 6 at each intake 
valve 28 by a respective fuel injector 32. Although not 
shown in Figure 2, each cylinder 14 houses a piston 
which is mechanically coupled to a crankshaft, which in 
turn, provide motive power to the vehicle through a 
transmission and drivetrain. 

[0009] The ECM 12 receives a number of input sig- 
nals representing various engine and ambient parame- 
ters, and generates control signals F1-F4 for the fuel 
injectors 32, S1-S4 for the spark plugs 26, and EGR for 
the EGR valve 24, all based on the input signals. Con- 
ventionally, the inputs include crankshaft (or camshaft) 
position as provided by a variable reluctance sensor 34, 
exhaust gas air/fuel ratio as provided by oxygen sensor 
36, and intake manifold absolute pressure (MAP) as 
provided by pressure sensor 38. Other typical inputs 
include the manifold absolute temperature (MAT), ambi- 
ent (barometric) pressure (BARO), fuel rail pressure 
(FRP), and mass airflow (MAF). For the most part, the 
control algorithms for generating the fuel and spark con- 
trol signals are conventional and well known. For exam- 
ple, fuel may be supplied based on MAF, or by a speed- 
density algorithm, with closed-loop correction based on 
the feedback of oxygen sensor 36, and spark timing 
may be controlled relative to crankshaft position based 
on engine speed and throttle position. Under steady 
state and slow transient conditions, the closed-loop 
feedback allows the ECM 12 to reliably control the 
engine 10 to minimize emissions while maintaining per- 
formance and driveability. However, during engine 
warm-up and significant fueling transients, the sensor 
36 is unable to provide adequate feedback information, 
and the fuel vapor-to-air equivalence ratio ^ deviates 
from the desired value (typically stoichiometric) due to 
variations in fuel volatility as discussed above in refer- 
ence to Figure 1A. Such variability can degrade both 
emission control and driveability, as also discussed 
above. 

[0010] According to this invention, the ECM 12 
detects variations in fuel volatility during engine warm- 
up and/or transient fueling conditions, and suitably 
adjusts the nominal control parameters to compensate 
for the detected variation. 

[0011] In general, this invention recognizes that the 



fuel volatility may be conveniently detected as a function 
of the fi red-to-motored cylinder pressure ratio; that is, 
the ratio of the pressure occurring with and without com- 
bustion. The motored pressure is the pressure that 

5 would exist through the cycle if combustion did not 
occur. Its value can be estimated from a few samples of 
pressure during compression, using polytropic rela- 
tions. The ECM 12 determines the pressure ratio with 
one or more cylinder pressure sensors 40 by forming a 

70 ratio of the sensed pressure in a given combustion cycle 
before and after heat from the combustion can signifi- 
cantly influence pressure. The ratio of fi red-to-motored 
pressure is 1.0 before heat release by the flame, 
increases as heat is released and after the heat release 

75 process is over remains constant through expansion. 
Figure 3 shows two pressure- ratio curves for cycles with 
different air-fuel ratios as produced by the high and low 
volatility fuels as depicted in Figure 1 . The difference 
between the pressure ratio at any point in the cycle and 

20 1 .0 is directly related to the fraction of fuel burned at that 
point. This value (PR parameter) at some point during 
expansion (for this example 55 cam degrees after piston 
top dead center) is found to directly correlate with the 
IMEP for the cycle (see Figure 1B for the IMEP curves). 

25 For a given spark timing, leaner cycles caused by lower 
fuel volatility burn more slowly. The work lost because 
the burning did not occur early enough is reasonably 
estimated by the PR parameter, and it acts as a meas- 
ure of the lateness of the burn. The relationship among 

30 the lateness of the burn, the cylinder air-fuel ratio and 
the fuel volatility provides the basis for volatility detec- 
tion with this invention. A single pressure sensor 40 may 
be used as depicted in Figure 2, or alternately, the pres- 
sure ratios obtained from sensors responsive to the 

35 pressure in two or more cylinders 1 4 may be averaged. 
[0012] Figures 4-7 depict flow diagrams represent- 
ative of computer program instructions executed by 
ECM 12 in carrying out the control of this invention. Fig- 
ure 4 is a main flow diagram. It primarily embodies both 

40 conventional fuel and spark algorithms, as discussed 
above, as well as the volatility compensation of this 
invention. Figure 5 is an interrupt service routine for 
detecting fuel volatility and compensating the engine 
control parameters; and Figures 6-7 detail alternate 

45 implementations of the fuel volatility determination. 
[0013] Referring to Figure 4, the initialization block 
50 is executed at the initiation of each period of engine 
operation to initialize various parameters and status 
flags to predetermined initial conditions. In the control of 

so this invention, for example, this may include retrieving 
an estimated fuel volatility parameter determined in a 
previous period of engine operation. Following initializa- 
tion, the block 52 is executed to read the various inputs 
mentioned above in respect to Figure 2. If the engine 1 0 

55 is in a crank or warm-up mode, as determined at block 
54, the blocks 56 and 58 are executed to determine var- 
ious open-loop fuel and spark control calibration values 
by table look-up, based on the determined fuel volatility, 
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and to schedule the fuel and spark control signals F1- 
F4, S1-S4 based on the determined calibration values. 
As indicated above, the assumed fuel volatility is initially 
set to a predetermined value, and in subsequent peri* 
ods of engine operation is initialized based on the vola- 
tility determined in the previous period of engine 
operation. Although the fuel volatility changes each time 
fuel is added to the fuel tank, the retrieved volatility 
parameter provides a fairly close approximation of the 
current volatility in most instances. 
[0014] Once the engine 1 0 is no longer in the crank 
or warm-up modes, again as determined at block 54, 
the block 60 is executed to schedule the fuel and spark 
controls using a conventional closed-loop control strat- 
egy, as discussed above. If a transient fueling condition 
is in effect, as determined at block 62, the block 64 is 
additionally executed to adjust the scheduled fuel and 
spark controls to satisfy emission and driveability con- 
cerns. The fuel transient adjustments are essentially 
open-loop corrections to the closed-loop values, based 
on an assumed fuel volatility. As with the crank and 
warm-up control, the assumed fuel volatility is initially 
set to a predetermined value, and in subsequent peri- 
ods of engine operation is initialized based on the vola- 
tility estimated in the previous period of engine 
operation. 

[0015] . TTie above-described operations are repeat- 
edly executed along with other control functions (as indi- 
cated by the block 66) as in a purely conventional 
control. Meanwhile, typically in response to an interrupt 
signal based on crankshaft position, the ECM samples 
the output of pressure sensor 40 to determine the PR 
parameter and suitably adjust the fuel and spark control 
calibrations. Alternately, of course, the motored-to-fired 
pressure ratio may be determined. Figure 5 depicts 
such an interrupt service routine (ISR) in which the cyl- 
inder pressures are read and the PR parameter is com- 
puted at blocks 70 and 72. The blocks 74 and 76 are 
then executed to estimate the fuel volatility as a function 
of the pressure ratio PR, and to suitably adjust the 
crank/warm-up and transient fueling calibration values 
used to schedule fuel and spark controls in blocks 58 
and 64 of Figure 4. During crank and warm-up, the fuel 
and spark retard controls are adjusted based on the 
determined fuel volatility to provide more aggressive 
spark retard and leaner fueling with higher volatility 
fuels for reduced emissions, faster heating of the cata- 
lytic converter 22, and improved warm-up driveability. 
During transient fueling, the fuel and spark retard con- 
trols are adjusted based on the determined fuel volatility 
to reduce the rich/lean air-fuel ratio excursions, thereby 
reducing emissions and improving driveability. 
[0016] Figures 6 and 7 depict alternate mechaniza- 
tions of the block 74 of Figure 5. In the mechanization of 
Figure 6, the ECM 12 stores a matrix of empirically 
determined pressure ratio values that occur with fuels of 
differing volatility. In this case, the block 80 retrieves the 
pressure ratio matrix, the block 82 identifies a pressure 



ratio from the matrix that corresponds with the pressure 
ratio determined at block 72, and the block 84 sets the 
estimated fuel volatility VOL to the value associated with 
the identified pressure ratio of the matrix, in ihe mecha- 

5 nization of Figure 7, the ECM 12 computes the fuel 
vapor-to-air equivalence ratio <|> v (A/F act ), as indicated at 
block 90, and then determines the fuel volatility VOL as 
a function of the deviation between the computed ratio 
(A/F act ) and the desired fuel vapor-to-air equivalence 

w ratio ^ (A/F des ). 

[0017] In summary, the control of this invention pro- 
vides improved emission control and driveability, partic- 
ularly during engine warm-up and transient fueling, by 
deducing the fuel volatility based on the measured pres- 

75 sure ratio PR, and then suitably adjusting the fuel and 
spark control parameters. Although described in refer- 
ence to the illustrated embodiment, it will be appreci- 
ated that the present invention has much broader 
application and is not limited thereto. For example, the 

20 control may be used in connection with direct injection 
engines, engines having a different number of cylinders, 
multiple intake and/or exhaust valves per cylinder, mul- 
tiple spark plugs per cylinder, and so on. Accordingly, 
controls incorporating these and other modifications 

25 may fall within the scope of this invention, which is 
defined by the appended claims. 

Claims 

30 1 . A control method for a spark ignition internal com- 
bustion engine in which fuel delivery to an engine 
cylinder is determined based on an assumed fuel 
volatility, the control method comprising the steps 
of: 

35 

measuring fired and motored pressures in said 
cylinder during a combustion cycle, and deter- 
mining a pressure ratio based on such meas- 
ured pressures; 
40 determining an actual volatility of the delivered 

fuel as a function of the determined pressure 
ratio; and 

adjusting the fuel delivery to said engine cylin- 
der based on the determined actual volatility. 

45 

2. The control method of Claim 1 , including the steps 
of: 

storing the actual fuel volatility determined in a 
so first period of engine operation, and 

in a subsequent period of engine operation, 
retrieving the stored actual volatility and deliv- 
ering fuel to the engine cylinder based on the 
retrieved volatility. 

55 

3. The control method of Claim 1 , wherein the step of 
determining an actual volatility of the delivered fuel 
comprises the steps of: 
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storing a matrix of empirically determined pres- 
sure ratios associated with various fuel volatili- 
ties; 

identifying a stored pressure ratio that most 
closely corresponds to the determined pres- 
sure ratio; and 

determining the actual volatility based on the 
fuel volatility associated with the identified 
stored pressure ratio. 

The control method of Claim 1 , wherein the fuel 
delivery is calibrated to achieve a desired fuel 
vapor-to-air equivalence ratio, and the step of 
determining an actual volatility of the delivered fuel 
comprises the steps of: 



10 



15 



adjusting the spark timing and fuel delivery to 
said engine cylinder during said identified 
period based on the determined actual volatil- 
ity. 



determining an actual fuel vapor-to-air equiva- 
lence ratio based on the determined pressure 
ratio; and 

determining the actual volatility of the delivered 20 
fuel based on a deviation of the actual fuel 
vapor-to-air equivalence ratio from the desired 
fuel vapor-to-air equivalence ratio. 

5. A control method for a spark ignition internal com- 25 
bustion engine in which spark timing and fuel deliv- 
ery to an engine cylinder during an engine warm-up 
period are determined based on an assumed fuel 
volatility, the control method comprising the steps 

of: - 30 

measuring fired and motored pressures in said 
cylinder during a combustion cycle of said 
warm-up period, and determining a pressure 
ratio based on such measured pressures; 35 
determining an actual volatility of the delivered 
fuel as a function of the determined pressure 
ratio; and 

adjusting the spark timing and fuel delivery to 
said engine cylinder during said warm-up 40 
period based on the determined actual volatil- 
ity. 

6. A control method for a spark ignition internal com- 
bustion engine in which spark timing and fuel deliv- 45 
ery to an engine cylinder are determined based on 

a measure of an fuel vapor-to-air ratio in an exhaust 
stream of the engine, the control method compris- 
ing the steps of: 

50 

identifying a period of transient fuel delivery; 
measuring fired and motored pressures in said 
cylinder during a combustion cycle of said iden- 
tified period, and determining a pressure ratio 
based on such measured pressures; 55 
determining an actual volatility of the delivered 
fuel as a function of the determined pressure 
ratio; and 
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